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THE EFFECTS OF MANUFACTURED DEFECTS ON THE AXIAL DAMPING
CHARACTERISTICS OF COMPOSITE SPECIMENS
S. R. Novascone & T. H. Fronk
Utah State University
Logan, Utah
Abstract
The effects of manufactured defects
on the damping of laminated composite
materials with constrained viscoelastic layers
are investigated using finite element analysis
and testing. lnterlaminar stresses, which are
the primary contributors to constrained layer
damping, are described. The modal strain
energy method is used to measure the extent
to which the finite element models are
damped. Decisions for the selection of certain
finite elements are presented and discussed.
The results of the finite element analysis using
the software IDEAS are presented. The halfpower bandwidth method is used in testing the
composite specimens. The test set up is
explained and illustrated and test results for
the experimentally determined loss factor are
presented. Correlation between the finite
element and testing results are presented.
The presence of manufactured defects was
found to substantially increase the damping
capacity of the finite element models.
Frequency response tests of composite
specimens indicate that damping increases in
composites with manufactured defects,
however, stiffness is reduced.
Background
In many Instances, composite
.components are designed to maximize
stiffness and damping. One method used to
increase damping is known as constrained
layer damping. Constrained layer damping
consists of placing a viscoelastic core between
the laminae of the composite. During loading,
the viscoelastic core is deformed, and
stresses between the layers of the composite
increase substantially. The viscoelastic stress
components that contribute the most to the
damping are the through-the-thickness shear
components or interlaminar components.
As the viscoelastic core is deformed,
an increase in strain energy arises in the
viscoelastic core. This strain energy is an
accurate indicator of damping at low
frequencies. Measuring damping

characteristics of a composite structure, using
strain energy, is called the modal strain energy
method. The modal strain energy method is
implemented by measuring the strain energy
in the viscoelastic core. This energy is then
divided by the total strain energy of the entire
structure and multiplied by the loss factor of
the viscoelastic material. The result is an
indication of how much the structure is
damped and is referred to as the loss factor of
the entire structure. As the magnitude of the
loss factor for a structure increases, the
structure is able to dissipate more energy,
thus increasing damping. Therefore,
maximizing damping in a viscoelastic
composite means that the interlaminar shear
must be maximized.
Manufactured Defects
In Carver's thesis (1995) it is reported
that the damping of a constrained layer
composite specimen was much higher than
other similar specimens because of a defect
that had been unintentionally created during
the curing process. The hypothesis is that the
reason the damping in the defected specimen
was higher was because the defect somehow
increased the interlaminar shear in the
viscoelastic layer thus increasing the loss
factor. In non-defected composites the
interlaminar shear, however, is substantial
only near the free edge of the composite .
Selection of Finite Elements
The finite element models that
represent the constrained layer composite
laminates considered in this thesis are all
subjected to a O.Smm displacement in the
axial direction. A displacement was imposed
rather than a load because the composite
specimens with the angled lamina or defects
would have different displacements for a given
load. Therefore, displacements were imposed
to make comparisons between models more
realistic. The result of this displacement is a
state of stress throughout the model. The
viscoelastic layers are in a three-dimensional

state of stress. This is because the
viscoelastic layers are relatively soft compared
to the composite layers and therefore the
viscoelastic layer is shear deformable. This
shear deformation gives rise to the
interlaminar stresses and thus a threedimensional state of stress. However,
because the composite layers have a small
thickness, and are relatively stiff and nonshear deformable, the composite layers are in
a state of two-dimensional state of stress.
Thin shell elements have been shown
to accurately represent two-dimensional stress
states. Therefore, the finite elements selected
to represent the composite laminates are thin
shell elements. The thin shell elements are
assigned the orthotropic material properties of
graphite/epoxy IM7/8551-7. These material
properties are given in Table 1.
Since the viscoelastic layers are in a threedimensional stress state, brick elements that
accurately represent 3-D stresses are used.
Linear, isotropic material properties are
assigned to the brick elements. Although the
viscoelastic material properties are not linear
and dependent upon temperature and
frequency, the material properties are
considered to be linear for the frequency and
temperature range of interest. The material
properties for the viscoelastic material were
obtained from Ellis (1995). The material
properties for the viscoelastic material are
presented in Table 2.
Table 1. Material properties for composite

Ex= 1.69 Gpa
Ey = Ez = 8.27 Gpa
GxY = Gxz = 5.65 Gpa

Gyz = 3.28 Gpa
vxY = Vxz =0.24
Vyz = 0.26

models starting from the top is presented in
Table 3.
Table 3. Lay up sequence for finite element
models
Composite layer: Thin shell elements
Rigid elements
Viscoelastic layer: Brick elements
Rigid elements
Composite layer: Thin shell elements
Rigid elements
Viscoelastic layer: Brick elements
Rigid elements
Composite layer: Thin shell elements
Each layer of thin shell elements is
comprised of a single layer of nodes. The
brick elements that make up the viscoelastic
layers are comprised of two layers of nodes.
The layers of nodes that make up the brick
and shell elements are not coincident. The
brick elements are connected to the thin shell
elements by the rigid elements. All the thin
shell elements have a thickness. This
thickness is defined from the center of the thin
shell elements or the plane of nodes from
which the elements are defined. The length of
the rigid elements connecting the brick
elements to the thin shell elements is equal to
half the thin shell element thickness. Because
the surfaces of the brick elements are rigidly
connected to the center of the thin shell
elements, the brick element surfaces are
constrained to move with the center of the thin
shell elements. Figure 1 illustrates the
geometric relationships between the elements
from a three-dimensional perspective.

Thin shell element

Table 2. Material Qropert1es for VIscoelastic
E = 2.068 Mpa
v 0.49
n = 1.0 (Loss factor)

=

Description of Finite Element Models
The finite element models consist of
thin shell elements that are connected to the
brick elements by rigid elements. The
sequence for the lay up of the finite element

Brick element

Figure 1. Element geometric relationships.
Each finite element model has a set of
constraints at the front and back ends of the
model. All of the nodes at the back end of the
model are restrained from translating in the xdirection. The nodes in this plane at the top
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and bottom of the model are also restrained
from rotating about the z-axis. Nodes located
on both edges parallel to the y-axis of this
plane are restrained from moving in the y and
z directions as well. These boundary
conditions were selected to prevent any rigid
body motion and thus allow the finite element
solution to run smoothly.
All the nodes located at the front end of the
model are constrained to move O.Smm in the
x-direction. This displacement represents the
first mode of axial vibration. Figure 2
illustrates the location of the constraint
conditions and the geometry of the finite
element models.
Fixed constraint location
Displacement constraint

/'>

~

<:§:>

DZCEN

$>

4P

NODEFEC

~

~DEDGE

~ DSTAG

DXCEN

DDIAG

y

Figure 3. Finite element models
with defect location.

Table 4. Finite element model
stackina seQuence
[0/v/0/v/0]
[-36/v/36/v/-361
Note: v refers to the viscoelastic
material.

Bottom
X

Geometry:
5mm in y direciton
24mm in z direction
50mm in x direction

Figure 2. Location of the constraint conditions.

A finite element solution was performed on
each model listed in Fig. 3 for various
composite fiber orientation angles. This figure
shows the defect location and name of each
model. Table 4 presents the lay up sequence
used in the analysis.

Finite Element Analysis
Strain energy results from the finite
element analysis, using the program IDEAS,
were used to determine the loss factor of the
models by invoking the modal strain energy
method. This method was found to be very
accurate for the first two modes of vibration
according to Ellis (1995) although the
accuracy of the modal strain energy method
decreased for the higher modes. Since only
the first mode is considered in this paper, the
modal strain energy method is used with
confidence.
The modal strain energy method can
be stated as the ratio of the composite loss
factor to the viscoelastic loss factor and is
estimated from the ratio of the strain energy in
the viscoelastic layer(s) to the strain energy of
the entire composite. This statement can be
expressed by the equation

(1)

bandwidth method involves using various
frequencies to approximate the loss factor for
a viscously damped structure. The equation
for the half-power bandwidth method is given
as,

The variables llc and llv are used to denote the
composite structure and viscoelastic loss
factors respectively. Uv represents the strain
energy in the viscoelastic layer. Uc is the
strain energy in the entire composite structure.
The viscoelastic loss factor is a function of
loading frequency and temperature. Loss
factors for the viscoelastic material analyzed is
obtained from the manufacture's data from
Ellis (1995). From this data, it is reasonable to
assume that llv = 1. Therefore the structural
loss factor is expressed as

(3)

ron is the natural, or resonant, frequency of the
structure. The half-power bandwidth method
requires that m1. and m2 are the frequencies
found at an amplitude of 1 over the square
root of 2 times the peak amplitude at which the
resonant frequency is found. Dividing the
peak amplitude by the square root of 2 is
equivalent to subtracting 3.01 dB from the
maximum amplitude. This is the same as
saying that the frequencies m1, and m2 are
found at a horizontal line on the FFT plot
where the amplitude is 3.01 dB below the
peak amplitude.

(2)

This is the procedure that was used to
calculate the loss factor for the composite
using the finite element method. The different
fiber orientation angles were used to
investigate the differences in loss factor values
for the variously angled lamina coupled with
manufactured defects. Figure 4 displays a bar
graph of the results obtained from the finite
element analysis.

Test Set Up
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Testing
The loss factor is experimentally
determined from Fast Fourier Transform (FFT)
plots by using the half-power bandwidth
method. The FFT plots are obtained from the
HP-3560A Frequency Analyzer, and are
plotted using magnitude vs. frequency. The
magnitude is measured in decibels (dB) and
the frequency in Hertz (Hz). The half-power

The natural frequency and the two
frequencies at 3.01 dB below the peak
amplitude are needed to calculate the loss
factor. These frequencies can be obtained by
using a frequency analyzer. The frequency
analyzer used in this case is the HewlettPackard 3560A Dynamic Signal Analyzer
(HPDSA). The HPDSA utilizes the responses
from an impact hammer (PCB modally tuned
hammer) and an accelerometer (PCB 352A10)
which are connected to channels 1 and 2
respectively on the HPDSA. The
accelerometer is attached to one end of a
composite specimen that is suspended by
nylon line. The nylon line is tied to a wood
frame. Figure 5 illustrates this test set up.
Figure 6 illustrates the test specimen
geometry. The test specimen has a slightly
larger geometry for better handling during
testing. This test set up was used to prevent
transverse or bending modes from being
picked up by the HPDSA. Only axial modes
are considered in this thesis. The impact
hammer is used to strike the composite
specimen thus inducing a compression wave
that travels along the axial direction of the
composite specimen. The resulting response
of the accelerometer due to the compression
wave can be transformed into the frequency
domain. Transfer of the accelerometer
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response to the frequency domain is
accomplished by the HPDSA. The HPDSA
utilizes an algorithm called the Fast Fourier
Transform (FFT). Using the FFT the HPDSA
displays a plot of amplitude verses frequency
where amplitude is measured in decibels (dB)
and frequency is measured in Hertz (Hz). This
plot can be used to determine the natural
frequency and the frequencies at 3.01 dB
below the peak amplitude. These frequencies
are used in Eq. (3) to calculate the loss factor.
Impact hammer

l

DDIAG. Composite specimens for the finite
element models DEDGE and DSTAG were not
constructed. Each composite specimen was
subjected to eleven impulses from the impact
hammer. Table 51ists the average natural
frequency and the average loss factor for all of
the test specimens rounded to three significant
figures. All the composite layer fibers in the
test specimen are oriented at zero degrees.
No angle ply laminates were tested. The
establishment of the correlation between the
loss factors calculated using the finite element
models with zero degree fibers and the
experimental test specimens with zero degree
fibers are all that is necessary.

Table 5. Average natural frequency and
average Iass factor
Model
Average natural
Average loss
frequency
factor
0.039
NODEFC 10.7
DXCEN
0.050
9
DZCEN
9.6
0.056
DDIAG
8
0.066
HP 3560A
Dynamic
S1gnal
Analyzer

Figure 5. Test set up.

35.6mmwide

The stiffness modulus of each test specimen
may be calculated if the length, density and
natural frequency are known. The length and
natural frequency of each test specimen is
known, but the density is not. Densities for the
components making up the test specimens are
known, but the overall density for each test
specimen is not known. The relative stiffness
modului may be determined as a function of
density since the density for each test
specimen is the same. The equation for the
stiffness modulus for a free, free beam is
given by,

E

= Lpm 2

(4)

where L is the length p is the density and ro is
the natural frequency. The length of each
composite specimens is 0.0698 m. Table 6
lists the stiffness modulus as a function of
density for each test specimen.

Table 6 . Rea
I f1ve sfff
1 ness ~or test spec1mens
Figure 6. Test specimen geometry.

Three composite specimens were
constructed for each of the finite element
models NODEFEC, DXCEN, DZCEN, and

Test specimen
NODEFC
DXCEN
DZCEN
DDIAG

Stiffness modulus{Pa/kg/m")
8
5.6
6.4
4.4

Correlation
Figure 7 presents the loss factor
results for the finite element models
NODEFEC, DXCEN, DZCEN, and DDIAG with
zero degree fiber orientation. Figure 8 shows
the loss factor results for the test specimens
NODEFEC, DXCEN, DZCEN, and DDIAG.
The trends of these results are the same, but
the magnitudes of the loss factor from model
to model are not. Realize, however, that the
loss factors calculated for the finite element
models indicate damping resulting form only
the viscoelastic layers. In other words, the
finite loss factors for the finite element models
indicate the damping above any inherent
damping of the composite structure. The
trends are the important results to consider.

Figures 9 and 10 show the finite
element strain energy results for the models
with the lowest, and highest loss factors
respectively. The finite element model
NODEFC with zero degree fiber orientation
has the lowest loss factor. DZCEN with+/- 36
degree fiber orientation has the highest loss
factor.

Finite element mode I
1.00E+OO
1.00E-01
'-

1.00E-02
1.00E-03
1.00E-04
1.00E-05

NODEFC

DXCEN

DDIAG
DZCEN
Figure 7. Loss factors from finite element analysis. (For zero
degree fiber orientation
logarithmic scale.)

Test Specimen
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Figure 8. Loss factors from test results.
(Zero degree fiber orientation.}
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Other Published Works

Computers & Structures 56, no 2/3:

357-363.
Constrained layer damping has been
the focus of many published articles. The first
to introduce constrained layer damping were
Ross, Ungar, and Kerwin (1959).
In an article published by Fronk et al.
(1995), the authors utilized the modal strain
energy method to investigate chevronsegmented constrained layer damping. This
article also described how constrained layer
damping takes place due to free edge
transverse shear in the viscoelastic layer.
The damping mechanics for
simulating the damped dynamic
characteristics in constrained layer composite
structures were presented by Saravanos and
Chamis (1992). Discrete layer damping theory
is employed. Exact solutions and
experimental data are presented.
Malia and Pai (1995) published an
article in which the study of probabilistic
response of truss-type space structure with
joint and member imperfections is presented.
The results indicate that a member end
connection defect has significant effects on
the fundamental vibration frequency.
Carver (1995) suggested in his thesis
that introducing a defect into a composite
specimen will drastically change the natural
frequency of the composite.
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